Inappropriate activation of developmental pathways is a well-recognized tumor-promoting mechanism. Here we show that overexpression of the homeoprotein Six1, normally a developmentally restricted transcriptional regulator, increases TGF-β signaling in human breast cancer cells and induces an epithelial-mesenchymal transition (EMT) that is in part dependent on its ability to increase TGF-β signaling. TGF-β signaling and EMT have been implicated in metastatic dissemination of carcinoma. Accordingly, we used spontaneous and experimental metastasis mouse models to demonstrate that Six1 overexpression promotes breast cancer metastasis. In addition, we show that, like its induction of EMT, Six1-induced experimental metastasis is dependent on its ability to activate TGF-β signaling. Importantly, in human breast cancers Six1 correlated with nuclear Smad3 and thus increased TGF-β signaling. Further, breast cancer patients whose tumors overexpressed Six1 had a shortened time to relapse and metastasis and an overall decrease in survival. Finally, we show that the effects of Six1 on tumor progression likely extend beyond breast cancer, since its overexpression correlated with adverse outcomes in numerous other cancers including brain, cervical, prostate, colon, kidney, and liver. Our findings indicate that Six1, acting through TGF-β signaling and EMT, is a powerful and global promoter of cancer metastasis.
Introduction
Misexpression of embryonic transcription factors has been linked to cancer development and progression. Inappropriate expression of these transcription factors is thought to reinstitute developmental programs out of context, contributing to tumor formation and progression (1) . Consistent with this hypothesis, the Six1 homeoprotein plays a critical role in the development of numerous organs (2, 3) and shows little to no expression in most non-neoplastic adult tissues (4), yet is overexpressed in a number of neoplasms where it increases cell proliferation (5, 6) and survival (7) . In addition, Six1 overexpression correlates with advanced disease in breast (4) and ovarian cancer (7) , hepatocellular carcinoma (8) , and rhabdomyosarcoma (RMS) (6) . Based on the observation that Six1 is overexpressed in 50% of primary breast cancers and 90% of metastatic lesions (9), we hypothesized that misexpression of Six1 in breast cancer activates cellular pathways that directly contribute to tumor progression and/or metastatic spread.
The TGF-β pathway has been implicated in breast cancer progression and metastasis (10) . TGF-β is a ubiquitously expressed cytokine with a dual role in carcinogenesis. In early lesions, TGF-β is an important tumor suppressor preventing uncontrolled cell proliferation (11) . However, many advanced tumors are resistant to the growth-inhibitory actions of TGF-β, and TGF-β can instead activate pro-metastatic pathways (12) . Recent identification of a TGF-β response signature (TβRS) that correlates with breast cancer metastasis (13) has reinforced the role of TGF-β in promoting malignant breast cancer. One mechanism by which TGF-β contributes to cancer progression is the induction of an oncogenic epithelial-mesenchymal transition (EMT) (14) . Epithelial cells undergoing EMT detach from neighboring cells, invade through the basement membrane, and move into surrounding stroma, which is characteristic of the developmental EMT that occurs during diverse morphogenic processes (15) . The newly acquired phenotype of tumor cells that have undergone an EMT is thought to contribute to tumor cell spread and metastasis (16) .
Metastasis is a multi-step process whereby tumor cells acquire properties that permit passage from the primary tumor into surrounding tissue, intravasate into local blood vessels, extravasate at a secondary site, and survive in a distant location (17) . Early steps in the metastatic cascade, particularly migration away from the primary tumor and into the vasculature and lymphatics, have been likened to EMT, and multiple EMT-inducing proteins including the developmental transcription factors Goosecoid, Twist, and FoxC1 contribute to tumor progression (18) . However, EMTinducing proteins have also been implicated in the later stages of metastasis including extravasation of tumor cells from the vasculature (19) (20) (21) . Interestingly, Six1 expression is important for developmental events in which epithelial plasticity is observed, including delamination of myogenic progenitor cells from the dermomyotome (22) and invasion of the ureteric bud into the metanephric mesenchyme during early renal morphogenesis (2) . Together, these data suggest that Six1 overexpression in human breast cancer patients may contribute to cancer progression through induction of an oncogenic EMT.
In this study we identify increased TGF-β signaling in Six1-overexpressing mammary carcinoma cells. We then show that mammary epithelial cells overexpressing Six1 undergo EMT in a manner that is dependent on TGF-β signaling. Because both TGF-β signaling and EMT are associated with metastasis, we examine and show that Six1 overexpression promotes breast cancer-associated metastasis in both an orthotopic and an experimental mouse metastasis model. Furthermore, we demonstrate that the Six1-mediated increase in experimental metastasis, similar to the EMT, is also dependent on TGF-β signaling. In addition, the interaction between Six1 and TGF-β signaling is conserved in human breast cancer, in which we show that Six1 and nuclear Smad3 protein are co-expressed in human breast tumors. Importantly, we find that Six1 overexpression in breast cancer patients correlates with shortened time to metastasis and relapse and with shortened overall survival. Finally, we demonstrate that Six overexpression correlates with adverse outcomes in numerous additional types of cancer, including brain, cervical, prostate, colon, kidney, and liver. Together, these data strongly argue that Six1 is a critical mediator of breast cancer metastasis through its ability to induce a TGF-β-dependent EMT.
Results

Six1 expression activates TGF-β signaling in mammary epithelial cells.
Because Six1 is expressed in a higher percentage of metastatic lesions compared with primary breast cancers, we attempted to identify pathways regulated by Six1 that might be involved in tumor progression. To this end, we performed microarray analysis of MCF7 cells overexpressing Six1 (MCF7-Six1 cells) or control transfected MCF7 cells (MCF7-Ctrl cells) (4). We chose MCF7 cells because they are a tumorigenic breast cancer cell line with low metastatic potential and because they express lower endogenous and, in our Six1-overexpressing cells, exogenous levels of Six1 compared with the endogenous levels of Six1 observed in other breast cancer cell lines (data not shown). Interestingly, we noted that a number of TGF-β target genes were upregulated in response to Six1 overexpression, including IL-11, CTGF, and p21. Recently, a TβRS has been described (13) . We thus analyzed our microarray data for the genes described in the TβRS (Figure 1) . Strikingly, most of the genes identified in the TβRS were differ-
Figure 1
Six1 expression leads to differential regulation of genes comprising the TβRS. The TβRS gene list was filtered for probesets with "present" calls in more than 50% of the microarrays, then clustered using hierarchical clustering. The color scale represents the expression level of a gene above (red), below (green), or at (black) the mean expression level of that gene across all samples. Ctrl, control.
entially regulated between the control and Six1-expressing cells, which strongly suggests that TGF-β signaling is altered in response to Six1 expression. To confirm that TGF-β signaling was altered in MCF7-Six1 cells, we analyzed the levels of phosphorylation of Smad3, a downstream effector of the TGF-β pathway. Western blot analysis revealed increased levels of phosphorylated Smad3 (p-Smad3; Figure 2A ) and increased nuclear accumulation of p-Smad3 ( Figure 2B ) consistent with activation of the TGF-β pathway. In addition, total levels of Smad3 were also slightly increased in MCF7-Six1 cells (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI37815DS1). To determine whether TGF-β-dependent transcription is activated in the MCF7-Six1 cells, we analyzed expression of a TGF-β-responsive 3TP-luciferase reporter in MCF7-Six1 versus MCF7-Ctrl cells. 3TP-luciferase activity was increased in MCF7-Six1 cells under both normal growth conditions ( Figure 2C ) and when treated with TGF-β under low-serum conditions ( Figure 2D ). Together, these data demonstrate that Six1 overexpression increases TGF-β signaling and Smad-mediated transcription.
Six1 expression in human mammary epithelial cells induces properties of EMT. In epithelial cells, the TGF-β pathway is known to be a potent inducer of EMT (23) . Because TGF-β signaling was activated in the MCF7-Six1 cells, we hypothesized that MCF7-Six1 cells would exhibit a more mesenchymal phenotype compared with the MCF7-Ctrl cells. To determine whether Six1 overexpression induces a mesenchymal phenotype, we analyzed our microarray data for molecular features of EMT including the downregulation of epithelial markers and the upregulation of mesenchymal markers. We generated a list of 56 genes, based on published evidence for their role in EMT (24) (25) (26) . Twenty-six probesets passed our filtering criterion and were analyzed by hierarchical clustering based on their gene expression. Indeed, an EMT signature was observed in MCF7-Six1 cells when compared with control cells ( Figure 3A ). Epithelial-associated genes including keratin 8, 17, and 18 were decreased, while mesenchymal-associated genes including fibronectin, Serpine2, Slug, Hey1, Jag1, and CTGF were increased. These data strongly suggest that the MCF7-Six1 clones display molecular features of EMT.
Using protein immunoblotting, we confirmed that MCF7-Six1 lines contained increased levels of the mesenchymal protein fibronectin and decreased levels of the epithelial proteins cytokeratin 18, claudin-1, and claudin-8 ( Figure 3B and Supplemental Figure 2 ), consistent with a Six1-induced EMT. Similar analysis showed that total E-cadherin protein levels were not dramatically different between the MCF7-Six1 and MCF7-Ctrl lines ( Figure 3B ). Because an alteration in membranous E-cadherin is an important element of EMT, we further analyzed the subcellular localization of E-cadherin. Immunofluorescence staining of MCF7 cell lines showed a more diffuse staining of E-cadherin in the Six1-expressing cells compared with the highly membranous staining in the control lines (Supplemental Figure 3A) . These data suggest that Six1 overexpression in MCF7 cells leads to a redistribution of E-cadherin from the membrane to the cytoplasm. Staining for β-catenin, which exists in adherens junctions along with E-cadherin, showed a similar redistribution from the membrane to the cytoplasm (Supplemental Figure 3B) , representing a functional downregulation of E-cadherin and β-catenin in adherens junctions. Further, cellular fractionation demonstrated an approximately 9-fold and 3.5-fold increase in the ratio of soluble (cytoplasmic) to insoluble (cytoskeletal-associated) E-cadherin and β-catenin, respectively, in the MCF7-Six1 cells compared with the MCF7-Ctrl cells (Figure 3 , C-E). Because cytoplasmic relocalization of β-catenin results in an increased pool of the protein that is able to move to the nucleus and stimulate transcription, we examined the transcriptional activation of the β-catenin reporter, TOP-flash, in Six1-overexpressing cells. As expected, a 4-fold increase in β-catenin-dependent transcriptional activity was observed in MCF7-Six1 cells compared with MCF7-Ctrl cells ( Figure 3F ). Six1 expression in MCF7 cells also reduced adhesion to several cell matrix proteins ( Figure 3G ).
Together, these data demonstrate that Six1 can induce key cellular changes of EMT in cancerous mammary epithelial cells.
Consistent with our in vitro observations, when these cells were injected into the mammary fat pad of nude mice, the resulting tumors showed a dramatic increase in nuclear Smad3 in the Six1-expressing tumors (Figure 4) . Interestingly, while the MCF7-Six1
Figure 2
Six1 induces increased TGF-β signaling. (A and B) MCF7-Six1 cells displayed increased levels (A) and nuclear localized (B) p-Smad3. Western blot was performed on whole cell lysate or nuclear and cytoplasmic fractions using antibodies against p-Smad3, β-actin, β-tubulin (cytoplasmic marker), and histone H1 (nuclear marker). (C and D) MCF7-Six1 cells displayed increased TGF-β-responsive 3TP-luciferase reporter activity at baseline (C) and after treatment with the indicated concentrations of TGF-β for 24 hours under serum-free conditions (D). Values are normalized to renilla luciferase. Data are presented as the mean ± SD of 3 individual clones. P values represent statistical analysis using a paired t test.
cells in vitro showed a slight increase in total Smad3 levels, the MCF7-Six1 tumors had dramatically increased levels of total Smad3, which suggests that Six1 may regulate Smad3 levels, particularly in an in vivo context, and that this may, at least in part, contribute to Six1-induced upregulation of TGF-β signaling. Additionally, we observed more cytoplasmic (relative to membranous), staining of E-cadherin in the Six1-expressing tumors compared with the control tumors (Figure 4 ), indicating that increased TGF-β signaling and properties of EMT manifest in Six1-overexpressing cells in vivo and therefore may contribute to the malignant potential of these cells.
To confirm that Six1 overexpression can induce TGF-β signaling and EMT more generally in mammary epithelial cells, we analyzed the effect of Six1 expression in the immortalized but nontransformed mammary epithelial cell line MCF12A. Consistent with our observations in the MCF7-Six1 cells, the MCF12A-Six1 cells had increased p-Smad3, which indicated an increase in TGF-β signaling (Supplemental Figure 4A) . Additionally, MCF12A-Six1 cells demonstrated an even more profound EMT than MCF7-Six1 cells, consistent with previously published results suggesting that EMT is difficult to induce in MCF7 cells (27) . MCF12A-Six1 cells lost their epithelial morphology and took on a scattered, elongated appearance when compared with the MCF12A-Ctrl cells (Supplemental Figure 4B ) and downregulated numerous epithelial markers while upregulating the mesenchymal marker N-cadherin (Supplemental Figure 4C ). In addition, MCF12A-Six1 cells exhibited reduced cell-matrix adhesion and increased cellular invasion (Supplemental Figure 4 , D and E). Together, these data demonstrate that Six1 overexpression stimulates both TGF-β signaling and EMT in nontransformed mammary epithelial cells as well as in mammary carcinoma cells.
To investigate whether Six1 is more generally associated with the mesenchymal phenotype in numerous breast cancer cell lines, we analyzed its expression in publicly available microarray gene expression datasets obtained from human breast cancer cell lines that were categorized into subgroups including basal A, basal B, or luminal (28) . We found that the basal B subgroup of breast cancer cell lines, which is closely associated with cells that are highly invasive and display a mesenchymal phenotype, was significantly enriched for high levels of Six1 expression (P = 0.03), with 64% of the breast cancer lines displaying Six1 expression levels above the mean Six1 level across all cell lines. This is in contrast to the small percentage of basal A and luminal cancer cell lines (25% and 29%, respectively), that expressed Six1 levels above the mean. Together, these data demonstrate that Six1 is preferentially expressed in breast cancer cell lines displaying a more mesenchymal phenotype.
TGF-β signaling is required for properties of Six1-induced EMT.
To test whether TGF-β signaling is necessary for Six1-induced EMT, we expressed a dominant-negative TGF-β type II receptor (TβRIIDN) in MCF7-Six1 cells. TβRIIDN lacks its cytoplasmic tail and therefore cannot activate the TGF-β type I receptor and downstream signaling. As expected, TβRIIDN decreased TGF-β signaling as measured by 3TP-luciferase activity ( Figure 5A ). Importantly, inhibition of TGF-β signaling in MCF7-Six1 cells reversed the E-cadherin and β-catenin mislocalization ( Figure 5 , B and C). Additionally, expression of TβRIIDN reversed the Six1-induced increase in β-catenin-dependent transcriptional activity ( Figure  5D ). These data demonstrate that TGF-β signaling is necessary for elements of the Six1-induced EMT. Because TβRIIDN brought TGF-β signaling down to levels below those seen in control cells, we performed similar experiments using the TβRI kinase inhibitor SB-431542 as a second means to inhibit TGF-β signaling. Treatment of MCF7-Six1 cells with 3 μM SB-431542 decreased their 3TP-luciferase activity to a level comparable to the MCF7-Ctrl cells (Supplemental Figure 5A) . Analysis of the β-catenin transcriptional activity (Supplemental Figure 5B ) confirmed that increased TGF-β signaling is required for the increased β-catenin transcriptional activity associated with Six1-mediated EMT. Interestingly, neither TβRIIDN nor SB-431542 significantly reversed the abil-
Figure 4
Six1 activates TGF-β signaling and induces EMT in vivo. Paraffinembedded tissue sections from MCF7 tumors in nude mice were immunostained for Six1, E-cadherin, and Smad3. Six1 induced redistribution of E-cadherin from a membranous pattern in the control tumors to a more cytoplasmic pattern, and also increased Smad3 nuclear localization. Original magnification, ×400. Scale bar: 100 μm.
Figure 5
Increased TGF-β signaling is necessary for elements of Six1-induced EMT. (A) TβRIIDN inhibited TGF-β signaling, as assessed by the TGF-β-responsive promoter 3TP after normalizing to renilla luciferase. (B and C) Inhibition of TGF-β signaling with TβRIIDN reversed E-cadherin and β-catenin relocalization as assessed by fractionation. Graphs represent quantification of Western blots for the ratio of E-cadherin or β-catenin in the soluble versus the insoluble fractions. Data are presented as mean value ± SEM in at least 3 independent experiments. (D) Inhibition of TGF-β signaling with TβRIIDN reverses β-catenin-dependent transcription, as assessed by a β-catenin-responsive reporter (TOP-flash) after normalizing to renilla luciferase. Data are presented as mean value ± SD. P values represent statistical analysis using a paired t test.
ity of Six1 to decrease adhesion to cell matrix proteins, increase fibronectin, or decrease cytokeratin 18 (data not shown) suggesting either that, while TGF-β signaling is important for the effect of Six1 on cell-cell junctions, other pathways activated in response to Six1 are involved in cell matrix adhesion and regulation of epithelial and mesenchymal markers, or that these properties, once induced, are not reversible. Overall, activation of the TGF-β pathway is essential to maintaining some of the elements of epithelial plasticity induced by Six1.
Overexpression of Six1 promotes breast cancer associated metastasis. Based on the recognized role of both TGF-β signaling and EMT in tumor progression and on the previously reported correlation between Six1 overexpression and advanced disease in human tumors, we hypothesized that Six1 may also mediate metastasis, in part through its ability to induce an oncogenic EMT. Oncogenic EMT has been linked, in particular, to enabling early steps in the metastatic cascade, including dissemination from the primary tumor, invasion through the tumor stroma, and intravasation into the local vasculature (16) . More recently however, oncogenic EMT has also been linked to later stages of metastasis, such as extravasation from the vasculature (20) . To determine whether Six1 is causally involved in breast cancer metastasis, we used the tumorigenic but poorly aggressive human breast cancer cell line MCF7, in which Six1 induced TGF-β signaling and EMT. MCF7 cells provide an ideal model, as numerous studies have shown that, while tumorigenic, these cells metastasize infrequently in hormonally intact nude mice (29) . A recent study by Horwitz and colleagues (30) showed that MCF7 cells metastasize when injected into ovariectomized mice supplemented with estrogens. Therefore, experiments were performed in hormonally intact mice under conditions in which MCF7 cells metastasize infrequently. The MCF7-Six1 and MCF7-Ctrl cells were fluorescently tagged to enhance our ability to visualize metastases, particularly micrometastases, in vivo. Two clonal isolates of each of the lines were injected into the mammary fat pad of the 4th mammary gland of NOD/Scid mice (Supplemental Figure 6 ). All mice were sacrificed once their tumors had reached a uniform size of approximately 2 cm 3 , in order to minimize differences in tumor burden that might affect metastasis (the mean time to reach 2 cm 3 was 69 days for MCF7-Ctrl tumors and 81 days for MCF7-Six1 tumors). In contrast to previous tumorigenicity assays, in which MCF7-Six1 tumors grew faster than MCF7-Ctrl tumors after subcutaneous injection into the flank of nude mice (5) , in the orthotopic model the MCF7-Six1 tumors grew slightly more slowly than the MCF7-Ctrl tumors, suggesting that the microenvironment of the mammary gland likely affects tumor growth. Nevertheless, in this model, 63% (15 of 24) of mice injected with the MCF7-Six1 cell lines developed metastases, while only 28% (7 of 25) of the MCF7-Ctrl cell lines metastasized, indicating that Six1 overexpression significantly increased metastatic spread ( Figure 6 , A-H; P = 0.04). Lymphatic metastases ( Figure 6 , G and H) were observed in multiple locations, but were most frequently found in the lumbar ( Figure 6 , B and D) and axillary lymph nodes ( Figure 6 , C and E). The increased metastatic capability of the MCF7-Six1 cell lines was confirmed in orthotopic xenograft injections in the less severely immunocompromised nude mice. Importantly, in this model, no metastases were observed in 19 nude mice injected orthotopically with MCF7-Ctrl clones. In contrast, metastases were observed in 40% (8 of 20) of nude mice injected orthotopically with MCF7-Six1 cells (Supplemental Figure 7 , A-F; P = 0.003). In the nude mice, Six1-overexpressing tumor cells were also seen to invade lymphatics (Supplemental Figure 7B) and to metastasize to distant lymph nodes (Supplemental Figure 7 , C and D) and on a rare occasion, to metastasize to the bone (Supplemental Figure 7E ). Thus, these data provide direct experimental evidence that Six1 overexpression in breast cancer cells promotes metastasis and further demonstrate that Six1 overexpression leads to metastasis to sites relevant to human breast cancer.
Recently numerous EMT-inducing genes including Ras (31), Zeb1 (20) , Ilei (32), and Tgfb (13, 33) have been implicated in the later stages of metastasis including extravasation, suggesting that EMT may not only be required for the early steps of metastasis. Indeed, recent data strongly suggest that EMT is in fact necessary for vascular extravasation (20) . Because Six1 induces an EMT that is dependent on TGF-β signaling, and because TGF-β signaling can regulate metastasis via its ability to induce extravasation of tumor cells from the vasculature (13, 21) , we hypothesized that Six1 may also contribute to the later stages of metastasis. However, our orthotopic xenograft model produced primarily lymphatic metastases and almost no distant metastasis, thus making it difficult to assess whether Six1 can affect metastatic dissemination via its ability to influence exit from the bloodstream. We therefore used an experimental metastasis model to test whether Six1 is specifically critical to later stages of metastasis in which TGF-β signaling and EMT may be involved. The MCF7-Six1 and MCF7-Ctrl cell lines were tagged with firefly luciferase to permit tracking of these cells in vivo and then injected directly into the left ventricle and the arterial bloodstream of nude mice. Importantly, mice injected with MCF7-Six1 cells had a significantly increased metastatic burden beginning 22 days after injection, as measured by total body bioluminescence, exhibiting an average bioluminescent signal at 34 days after injection that was more than 10-fold above that of mice injected with MCF7-Ctrl cells (Figure 7, A and B) . In addition, the mice injected with MCF7-Six1 cells had an overall shortened survival compared with mice injected with MCF7-Ctrl cells ( Figure  7C ), demonstrating that Six1 not only induces lymphatic metastases from the orthotopic site but also contributes to the later stages of metastasis once the tumor cells have entered the bloodstream.
TGF-β signaling is necessary for the increase in experimental metastasis induced by Six1. To test whether TGF-β signaling is necessary for Six1-induced metastasis, we performed intracardiac injections of luciferase-tagged MCF7-Six1 and MCF7-Ctrl cells expressing either a GFP control or TβRIIDN to inhibit TGF-β signaling. We chose to examine the role of TGF-β signaling in Six1-induced metastasis in the experimental metastasis model, as opposed to the orthotopic metastasis model, to avoid any potential confounding effects of inhibiting TGF-β signaling on primary tumor growth, and because TGF-β signaling was previously shown to play a role in tumor cell extravasation (13, 21) . To assess the interaction specifically between Six1 and TGF-β signaling in metastasis, we compared the combined effect on metastatic burden of injection with TβRIIDN-expressing MCF7-Ctrl cells and injection of TβRIIDN-expressing MCF7-Six1 cells. Notably, whereas injection of TβRIIDN-expressing MCF7-Ctrl cells slightly increased the metastatic burden compared with the control, TβRIIDN expression in the context of Six1 expression significantly decreased the metastatic burden, demonstrating that TGF-β signaling is necessary for the increased metastasis observed with Six1 overexpression (P = 0.02; Figure 7D ). Additionally, inhibition of TGF-β signaling in the MCF7-Six1 cells significantly increased the overall survival of mice compared with the MCF7-Six1 cells expressing the GFP control ( Figure 7E ). Interestingly, intracardiac injection of TβRIIDN-expressing MCF7-Ctrl cells decreased the survival of these mice compared with the GFP-expressing MCF7-Ctrl cells (P = 0.02), suggesting that TGF-β signaling acts to suppress metastasis in a context where Six1 is not overexpressed, perhaps by inhibiting cell proliferation, a well-known function of TGF-β (11). However in the mice injected with MCF7-Six1 cells, inhibition of TGF-β signaling significantly improved survival compared with the mice injected with the GFP-expressing MCF7-Six1 cells (P = 0.006). Therefore, Six1 overexpression appears to enhance the pro-metastatic functions of TGF-β signaling while overcoming its normal tumor suppressive role. Together these results indicate that TGF-β signaling is necessary for the Six1-induced increase in metastasis in breast cancer cells and further suggest that Six1 may be involved in mediating the switch of TGF-β from tumor suppressive to tumor promotional in late-stage tumors.
Six1 significantly correlates with activated TGF-β signaling in human breast cancer. Based on our results suggesting that Six1 can activate TGF-β signaling in mammary carcinoma cell lines, we sought to determine whether these results could be extended to human breast cancer. Using antibodies generated against Six1 and Smad3, we performed immunohistochemical analysis on 58 cases of invasive ductal carcinoma. Indeed, we found a significant correlation between positive nuclear staining with the Six1 antibody and nuclear localized Smad3, an indicator of activated TGF-β signaling (P = 0.005; Figure 8 ). These results suggest that Six1 may also regulate TGF-β signaling in human breast cancer and reinforce the hypothesis that TGF-β signaling underlies the pro-metastatic activity of Six1 in breast cancer.
Six1 expression in human breast cancer correlates with decreased time to metastasis and overall decreased survival. If Six1 is an important contributor to metastatic spread, then we expected that Six1 expression would correlate with advanced disease and poor prognosis in human breast cancer patients. Unfortunately, associated clinical
Figure 8
Six1 antibody staining correlates with activated TGF-β signaling in human breast cancer. Immunohistochemical staining of human breast cancer tissue arrays. Representative images show a tumor with little Six1 expression, as measured with the Atlas Six1 antibody, or nuclear Smad3, as measured using the Zymed Smad3 antibody (top row) and a tumor with both Six1 expression and nuclear Smad3 (bottom row). Original magnification, ×400. Scale bars: 100 μm.
Figure 9
Six1 overexpression correlates with a shortened time to metastasis and relapse and decreased survival. (A-C) In a study of 295 women with early-stage invasive breast carcinoma (34), high Six1 expression was associated with (A) shortened time to metastasis, (B) shortened time to relapse, and (C) shortened breast cancer-specific survival (survival). (D) In a study of 240 patients diagnosed with invasive breast cancer unselected for disease stage (35, 36) , high Six1 expression was strongly associated with shortened time to relapse. In both of these datasets, the median value for Six1 expression was used to divide the samples into high (above median) and low (below median) Six1 expressors. P values were calculated by log-rank analysis.
prognostic data were not available for the breast cancer samples that were analyzed using the Six1 and Smad3 antibodies. Thus, to address whether Six1 is associated with adverse outcomes in human breast cancer, we utilized publicly available breast tumor gene expression datasets that were categorized based on clinical outcome. Two datasets were examined: The van de Vijver (34) dataset profiling 295 early-stage (stages I and II) breast carcinomas and the Pawitan/Ivshina (35, 36) dataset profiling 240 invasive breast carcinomas unselected for disease stage. In the van de Vijver dataset, patients whose tumors had high Six1 expression exhibited a significantly shorter time to metastasis ( Figure 9A ; P = 0.03) and to relapse ( Figure 9B ; P = 0.03) and had significantly shortened survival due to breast cancer-related deaths ( Figure  9C ; P = 0.03). We also observed a positive correlation between Six1 expression and the 70-gene "poor prognosis" signature in this dataset (MammaPrint; P < 0.0019). While information with respect to metastasis or to disease-specific survival was not available for the Pawitan/Ivshina dataset, high Six1 expression was more strongly associated with shortened time to relapse in this set of patients (P = 0.009) (Figure 9D ), suggesting that the predictive value of Six1 may increase in late-stage disease.
Further examination of the Pawitan/Ivshina dataset showed that Six1 expression was strongly associated with lymph node positivity (P = 0.001) and larger tumor size (P = 0.002) but was not significantly associated with grade, estrogen receptor status, or age. As a single predictor, Six1 expression was significantly associated with accelerated disease relapse (P = 0.007). However, in a multiple-predictor Cox proportional hazards (Cox PH) model, Six1 status did not improve prediction when combined with lymph node status, grade, tumor size, and age. When paired with any of these parameters individually (i.e., 2 predictor Cox PH models), Six1 was a significant predictor of shortened time to relapse (P = 0.05). Thus, Six1 significantly correlates with adverse outcomes in human breast cancer.
Six1 overexpression in multiple human malignancies correlates with disease progression. Six1 is expressed in tissues of numerous origins in both development and neoplastic disease. In addition, previous studies have demonstrated that Six1 expression correlates with disease progression in several types of cancer: in ovarian carcinoma and alveolar RMS with increased disease stage, in hepatocellular and ovarian carcinoma with poor survival (6) (7) (8) , and in breast cancer, where Six1 overexpression occurs in 50% of primary tumors and 90% of metastatic lesions (9) . These data in conjunction with our data, which demonstrate a causal role for Six1 in TGF-β signaling, EMT, and breast cancer metastasis, led us to evaluate Six1 expression levels in published microarray datasets that examined parameters of tumor aggressiveness. Six1 expression was significantly associated with increased aggressiveness in 21 of the studies we examined. It was associated with higher-grade malignancy in cervical cancer and glioma, more advanced stage in renal cell carcinoma and B cell lymphoma, lymph node involvement in breast and prostate cancers, invasion in bladder carcinoma, and metastasis in prostate, colon, and hepatocellular carcinomas (Table 1) . Higher Six1 expression correlated significantly with poor survival in glioma, oligodendroglioma, and breast carcinoma and with relapse in childhood acute lymphoblastic leukemia (ALL) and breast carcinoma (Table 1) . These results clearly demonstrate that increased Six1 expression is associated with aggressive disease in many cancers, implicating the gene as a global regulator of disease progression and metastasis.
Discussion
Mutation or misexpression of homeobox genes is common in neoplastic disease (1), but a causal role for these genes in tumorigenesis has been a subject of debate. Recently, a role for homeobox genes in tumorigenesis has been strongly supported by the demonstration that several homeobox genes play an active role in breast and other cancers (37) . Because homeobox genes regulate developmental programs that coordinate many different cell behaviors important in embryogenesis, it is not surprising that their misexpression in differentiated tissues can result in the acquisition of numerous tumor-promoting properties such as proliferation, migration, invasion, and survival. The Six1 homeobox gene plays an important role in the development of multiple different tissues by regulating proliferation and survival (2, 3) . We have previously shown that Six1 is overexpressed in breast cancer (4), where it stimulates proliferation, causes genomic instability, and transforms immortalized human mammary epithelial cells (38) . In addition, we have previously reported that Six1-mediated upregulation of cyclin A1 is critical for the ability of Six1 to increase proliferation of breast cancer cells (5) . In the present study, we identified Six1-mediated alterations in the expression of a number of genes included in the TβRS. We further showed that Six1 overexpression in MCF7 cells led to activation of the TGF-β pathway, a previously unreported target pathway of Six1. Together, these data demonstrate that Six1, in addition to upregulating cyclin A1, also increases TGF-β signaling in mammary carcinoma cells.
The TGF-β pathway plays a dual role in tumor progression. Evidence from numerous experimental systems has defined a tumor suppressive role for TGF-β based upon the growth-inhibitory activity of TGF-β in normal cells and early neoplastic lesions (11) . However, in later stages of tumorigenesis, resistance to the growthinhibitory effects permits the unmasking of pro-metastatic functions. In breast cancer patients, the TβRS has been correlated with metastasis (13) , suggesting an association between increased TGF-β signaling and advanced disease. Based on its established pro-proliferative activity in mammary carcinoma cells coupled with its activation of TGF-β signaling, Six1 expression has the potential to selectively promote the pro-metastatic activity of TGF-β while antagonizing its growth-inhibitory function. Therefore, in the context of Six1 expression, TGF-β signaling may be a potent contributor to tumor progression.
TGF-β signaling is believed to play a role in breast cancer progression by stimulating metastatic spread, in part through induction of EMT (12) . Treatment of numerous cell lines with TGF-β induces EMT, and the effects of TGF-β include the dissolution of adherens junctions and tight junctions, increased migration and invasion, regulation of epithelial and mesenchymal markers, and alteration of cell matrix adhesion (23) . In our studies, in addition to increased TGF-β signaling we observed numerous features of EMT in both MCF7 mammary carcinoma cells and in the nontransformed mammary epithelial cell line MCF12A, indicating a general role for Six1 in induction of an EMT in mammary epithelial cell lines. Consistent with these results, analysis of MCF7-Six1-derived tumors displayed both increased cytoplasmic E-cadherin and nuclear Smad3 compared with MCF7-Ctrl tumors, confirming our in vitro observations in vivo. While our study is the first to describe a role for Six1 in oncogenic EMT, a recent Six1/Six4 double-knockout study in mice does suggest a possible role for the Six family proteins in regulating developmental EMT during the delamination of migratory muscle precursor cells from the dermomyotome and subsequent migration to the limb bud (22) . In addition, the highly related family member Six2 is critical for maintaining the mesenchymal progenitor cell population in the developing kidney, and loss of Six2 results in premature and ectopic differentiation of mesenchymal cells into epithelia (39) . Together, these data implicate the Six family of homeoproteins as critical regulators of EMT in both developmental and oncogenic contexts.
The role of TGF-β signaling in EMT is well established. Our study shows that inhibition of the TGF-β signaling reversed elements of Six1-induced EMT. These data demonstrate that Six1-induced EMT is, at least in part, dependent on TGF-β signaling. Interestingly, inhibition of TGF-β signaling was unable to completely reverse Six1-induced EMT, indicating that Six1 activates additional pathways responsible for inducing elements of EMT, or alternatively that the cells exhibit a more permanent EMT that is no longer dependent on increased TGF-β signaling (31) . In support of the involvement of additional EMT-promoting pathways, Six1 has been implicated in the Sonic hedgehog pathway (40), the Notch pathway (41) , and the Wnt/β-catenin pathway during normal development (42) , all of which can contribute to EMT (19) .
Recent evidence has convincingly established a role for EMT in metastatic dissemination and tumor progression (16) . The loss of epithelial properties and simultaneous acquisition of mesenchymal properties permits detachment from the neighboring cells, invasion through the underlying basement membrane, movement into the surrounding stroma, and eventual intravasation into local blood or lymphatic vessels, setting the stage for metastatic spread (15) . We demonstrate, for what we believe is the first time, in an animal model that Six1 overexpression not only activates TGF-β signaling and induces EMT, but that it also promotes lymph node metastasis and, on rare occasion, bone metastasis, of breast cancer cells from an orthotopic site. This is remarkable, as one of the commonly cited drawbacks of xenograft and other mouse models of cancer is that metastatic cells preferentially colonize the lungs and usually fail to colonize other sites common for human breast cancer, including the lymph nodes, liver, bone, and brain (43) . Indeed, considerable effort has been directed toward developing xenograft models that can be used to study bone metastasis, as most humanderived cells lines do not metastasize to the bone when grown orthotopically in mice (44) . In addition, many orthotopic xenograft models used to study metastasis debulk the primary tumors to allow more time for distant metastases to develop. The fact that Six1 is sufficient to induce metastasis to lymph nodes and bone within the time span of primary tumor growth suggests that it is a powerful regulator of the metastatic process. However, while the orthotopic model implicates Six1 in the early stages of metastasis, it does not adequately assess whether Six1 contributes to the later stages of metastasis, including extravasation and distant site colonization, stages in which regulators of EMT and TGF-β signaling are involved (13, 19) . Therefore, we also tested the role of Six1 in inducing experimental metastasis using an intracardiac injection model. We demonstrate that intracardiac injection of MCF7-Six1 cells significantly increased metastatic burden and decreased overall survival when compared with injection of MCF7-Ctrl cells. Together these results demonstrate that Six1 is not only a major regulator of lymphatic metastasis, but that it also contributes to later stages of metastasis, potentially by increasing survival in the bloodstream, extravasation, or proliferation at a distant site.
Importantly, we demonstrate that TGF-β signaling is a critical mediator of Six1-induced experimental metastasis. Interestingly, in the intracardiac injection model, Six1 regulates the TGF-β response in a manner that is consistent with the notion that Six1 expression antagonizes the tumor-suppressive activity of TGF-β and mediates a switch to its pro-metastatic activity. In mice injected with the MCF7-Ctrl cells, inhibition of TGF-β signaling significantly decreased survival while increasing the metastatic burden, as would be expected if this signaling pathway was acting in a tumor-suppressive manner. In contrast, in the mice injected with Six1-expressing cells, inhibition of TGF-β signaling decreased their metastatic burden and significantly increased their survival, suggesting that in vivo Six1 may be important for promoting the pro-metastatic effects of TGF-β while inhibiting its tumor-suppressive effects. Consistent with this hypothesis, Six1 has been previously shown to increase proliferation of breast cancer cells (5), which would antagonize the well-established growth-inhibitory and tumor-suppressive activity of TGF-β (11). In combination, the ability of Six1 to activate TGF-β signaling while attenuating its growth-inhibiting effects would preferentially activate the prometastatic activity of TGF-β, including EMT.
As is the case with many cancers, breast cancer metastasis represents the most deadly stage of tumor progression and is currently the least treatable stage. An understanding of the underlying mechanisms of the metastatic process will provide the opportunity for targeted therapeutics and also for better screening of breast cancer patients most at risk for spread. Our findings that overexpression of Six1 mRNA in human breast cancers is significantly associated with shortened time to metastasis and to relapse, and with decreased survival, reinforces the role of Six1 in human breast cancer progression. These clinical findings, coupled with our experimental and clinical findings that Six1 activates TGF-β signaling, that Six1 and nuclear Smad3 immunoreactivity correlate in human breast tumors, and that Six1 induces EMT and promotes metastatic spread in immunocompromised mice, establish Six1 as a viable candidate for future studies as a potential drug target in breast cancer. Additionally, our results show that the pro-metastatic properties of Six1 may not be confined specifically to breast cancer. On the contrary, in a surprisingly large number of cancers, Six1 expression is significantly associated with disease progression or poor outcome. Thus, we propose that Six1 is a global regulator of tumor metastasis, at least in part due to its ability to increase TGF-β signaling and induce EMT.
Methods
Cell culture. MCF7-Six1 and MCF7-Ctrl stable transfectants were generated as previously described (4) to overexpress Six1 (MCF-Six1) or the irrelevant protein chloramphenicol transferase (CAT), respectively. In addition to the CAT transfectants, a clone transfected with Six1 that did not express Six1 mRNA or protein was used as a third control line. Each clonal isolate was transduced with the pLNCX2-ZsGreen retrovirus (30) and then selected for stable expression of ZsGreen by FACS. MCF7-Six1 and MCF7-Ctrl clones were transduced with MSCV-GFP or MSCV-TβRIIDN-IRES-GFP retrovirus, selected for stable expression of GFP by FACS, then transduced with MSCV-luciferase-puromycin retrovirus and selected with puromycin for stable luciferase expression. MCF12A-Ctrl and MCF12A-Six1 stable transfectants had been previously generated (38) .
In vivo metastasis assays. For the orthotopic model, 1 × 10 6 cells in 100 μl of growth factor-reduced Matrigel (BD Biosciences) were injected underneath the nipple of the number 4 mammary fat pad of 6-week-old female nude or NOD/Scid mice. At the same time, these mice were implanted with pellets containing 2 mg 17β-estradiol (Sigma-Aldrich) and 8 mg α-cellulose (Sigma-Aldrich). Mice were sacrificed when the primary tumor reached a volume of 2 cm 3 (volume = 0.5 × width 2 × length). The Fisher's exact test was performed to determine statistical significance in the number of mice with metastases from MCF7-Ctrl versus MCF7-Six1 tumors. For the intracardiac model, 1 × 10 5 cells in 100 μl of PBS were injected into the left ventricle of 5-week-old female nude mice. During the injection, entry into the left ventricle was monitored based on a flash of bright red blood in the hub of the needle and a pulsatile force on the syringe. These mice were also implanted with estrogen pellets as described above. Mice were monitored using the IVIS200 (Caliper LS) imaging systems. The mice were injected with D-luciferin, anesthetized with isoflurane, and imaged 10 minutes after luciferin injection. Quantification was performed using LivingImage version 2.6 software. The mice were monitored over the course of the experiment and euthanized when moribund. The bioluminescence values at days 4, 20, 33, 48, and 62 were compared across the 4 groups of mice (control GFP, control TβRIIDN, Six1 GFP, and Six1 TβRIIDN) using a linear mixed model with group by time interaction and an unstructured variance-covariance matrix. Interaction contrasts of means were obtained for each time point. Analyses were performed using SAS version 9.2 (45) . All animal studies were performed according to protocols reviewed and approved by the Institutional Animal Care and Use Committee at the University of Colorado Denver.
MCF7 microarray analysis. Total RNA was isolated using TRIzol reagent and analyzed using Agilent Bioanalyzer to ensure quality. Microarray analysis was performed using the Affymetrix GeneChip HT-U133A, with the assistance of the Broad Institute at the Massachusetts Institute of Technology. Intensity values were scaled such that the overall fluorescence intensity of each microarray was equivalent. Present calls were determined by MAS5 software analysis. Gene lists were filtered for probesets with present calls in more than 50% of the analyzed microarrays (46) . The red, green, and black color scale in Figures 1 and 3 represents the expression level of a gene above, below, or equal to, respectively, the mean expression level for that gene across all samples. Analysis of gene list expression and hierarchical clustering was performed using D-chip software (47) .
Histology and immunohistochemistry. Tumors and multiple organs were fixed in 4% paraformaldehyde, embedded in paraffin, and cut into 5-μm sections. For histologic analysis, sections were stained with H&E or immunohistochemical staining was performed as previously described (30) , with primary antibodies against Six1 (1:100; Atlas antibodies), E-cadherin (1:2000; BD Biosciences, Transduction Laboratories), and Smad3 (5 μg/ml; Zymed). Tumor arrays (US Biomax) were stained using Six1 (1:100; Atlas antibodies) and Smad3 (5 μg/ml; Zymed) as previously described (30) .
Western blot analysis. Western blot was performed on whole cell lysates prepared with RIPA buffer as previously described (48) or with nuclear and cytoplasmic extracts (Pierce Biotechnology Inc.). Primary antibodies against E-cadherin, β-catenin, α-catenin, γ-catenin, fibronectin, and N-cadherin were from BD Biosciences Transduction Laboratories; β-actin and β-tubulin were from Sigma-Aldrich; p-Smad3/p-Smad1 were from Cell Signaling Technology; cytokeratin 18 was from Epitomics; and the Six1 antibody was made as previously described (48) . For cell fractionation experiments, cell extracts were prepared as previously described (49) .
Immunofluorescence. Cells were grown on glass chamber slides fixed with 4% paraformaldehyde/PBS ++ (PBS supplemented with 0.5 mM MgCl2 and 0.9 mM CaCl2), permeabilized with 0.2% Triton X-100/PBS ++ , and blocked with 10% goat serum in PBS ++ . Cells were incubated with primary antibodies against E-cadherin (1:200) and β-catenin (1:200) (BD Biosciences, Transduction Laboratories), then incubated with a FITC-conjugated antimouse IgG antibody (Sigma-Aldrich) and stained with DAPI.
3TP and TOP-flash luciferase assays. MCF7 clones were cotransfected with pTOP-flash (50) or 3TP and renilla luciferase construct containing a cryptic promoter using FuGENE 6 (Roche) in triplicate. Clones were treated with 3 μM SB-431542 (Sigma-Aldrich) for 24 hours or various concentrations of TGF-β1 (R&D Systems) for 24 hours. After 48 hours, lysates were prepared in cell culture lysis reagent (Promega) and analyzed with the Dual Luciferase Kit (Promega) on a Monolight 3010 Luminometer (BD Biosciences). Paired t tests were performed to determine statistical significance between MCF7-Ctrl and MCF7-Six1 cells.
Cell adhesion and invasion assays. We blocked 96-well plates coated with laminin, fibronectin, collagen I, or collagen IV (BD Biosciences, Biocoat) with 1% BSA for 1 hour. Cells were incubated for 1 hour at 37°C. The wells were washed 3 times with PBS, fixed for 10 minutes with ice-cold methanol, and stained with 0.05% crystal violet. The plates were washed and the dye solubilized with 10% glacial acetic acid. Absorbance was determined at 570 nm on a microplate reader (Molecular Devices). Transwell invasion assays were performed using the CytoSelect Cell Invasion Assay (8 μm, fluorometric format) (Cell Biolabs). Then, 10 4 cells per well in DMEM plus 5% BSA were incubated in the 96-well invasion plates in at 37°C for 48 hours with complete media as a chemoattractant. Cells that invaded through the filter were stained with CyQuant Green according to the manufacturer's recommendations.
Analysis of clinical outcome data. Gene expression and clinical outcome data were obtained from 2 independent, publicly available data sets (34) (35) (36) . Gene expression information for Six1 was obtained for each tumor, and all samples in the data set were mean centered. Samples were then segregated into 2 groups for each analysis: samples in which Six1 expression was above the mean (Six1 "high"), and the remaining samples (Six1 "low"). Each data set was analyzed separately. Clinical outcome information from the Pawitan study (35) was obtained from data published in the Ivshina study (36) . Kaplan-Meier survival curves were generated using WinStat for Excel (R. Fitch Software). P values were calculated by log-rank analysis. Cox PH regression was used to assess the contribution of Six1 in multiple predictor statistical models of disease-free and disease-specific survival. Predictors were judged significant at P ≤ 0.05. Analysis was completed with R statistical software (51) .
Examination of public microarray datasets. Microarray data sets of breast cancer cell line gene expression studies (28) were accessed from the NCBI GEO web site. Six1 expression values were obtained and the average Six1 expression over all cell lines was calculated. The number of cell lines exhibiting Six1 expression above the mean Six1 expression value was determined for each subset of breast cancer cell lines. The P value was calculated using Fisher's exact test, comparing the basal B subtype with all others. mRNA expression microarray data from several cancer studies were analyzed using Oncomine (52) . Details of standardized normalization techniques and statistical calculations can be found on the Oncomine web site (https://www. oncomine.com/). First, standard analyses were applied to raw microarray data using either Robust Multichip Average for Affymetrix data or Loess for cDNA arrays. If a reference was used, it was applied at this step (if it was not already performed by the author of the original study). To scale the data and allow comparison of multiple independent studies, Oncomine then applied z score normalization. This included a log2 transformation, setting the array median to 0 and standard deviation to 1. To determine whether Six1 was differentially expressed, 2-sided t tests were conducted using Total Access Statistics 2002 (FMS Inc.).
